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Aqueous solutions of LiCl are probably the most studied electrolyte solutions related to the com-
plexity of liquid water at low temperatures. Despite the large amount of available experimental data
hardly any computational studies were performed on LiCl solutions in this context. In this study,
we present molecular dynamics simulations of LiCl–water at ambient and supercooled conditions
spanning a large concentration range. The molecular insight gained provides information on how
the presence of the ions impacts the hydrogen bond network. It is found that this influence changes
appreciably when supercooled states are considered. While the local structure of water molecules
beyond the first hydration shells barely changes with concentration at room temperature, a change
is found for those molecules at low temperature. Additionally, we scrutinize the possibility of a
phase separation in this system as indicated by several experimental studies. Our analyses do not
show signs of such a phase separation at 240 K, but are consistent with a possible separation at even
lower temperatures.
I. INTRODUCTION
Aqueous solutions of simple electrolytes are ubiquitous
on earth [1, 2] and play crucial roles in maintaining life
as we know it [3]. Relevant for the present work is the
study of electrolyte solutions as a means of elucidating
pure water’s behaviour at low temperatures [4, 5]. As
water is supercooled it shows an increasingly complex be-
haviour [6] for whose explanation several scenarios have
been discussed [7–12]. A particularly intriguing scenario
proposes a low temperature liquid-liquid phase transition
(LLPT) ending in a liquid-liquid critical point (LLCP).
This scenario originated from computer simulations [13]
of the ST2 water model [14] suggesting the appearance
of a low-density (LDL) and a high-density liquid (HDL)
in deeply supercooled water. Over the years this sce-
nario gained support from further simulation studies em-
ploying a variety of molecular models of water [15–25].
The LLCP scenario is also consistent with recent exper-
imental results obtained for supercooled water at posi-
tive [26] and negative pressures [27]. It furthermore pro-
vides a rather compelling explanation for the apparent
solid polyamorphism documented in several experimen-
tal studies [28–37]. Yet, decisive experimental results are
still missing, since the T -P region in which the LLPT is
predicted has so far not been accessible to experiments.
Therefore, the experimental evidence for this scenario re-
lies on consistency arguments, extrapolations, or out-of-
equilibrium [87] experiments.
One such indirect approach is the study of aqueous so-
lutions [4, 5]. In this realm LiCl is the most prominent
electrolyte used in experiments [38–53]. Already the first
studies by Angell and Sare [38, 39] suggest that aque-
ous LiCl solutions might separate into a water-rich and
a salt-rich liquid before vitrifying. Similar findings were
reported by Kanno [40] and Suzuki and Mishima [41].
Recent transient grating experiments furthermore sug-
gest that LiCl solutions with a mole fraction of LiCl xLiCl
lower than 14.3 % become heterogeneous at the nanoscale
below 190 K [50]. It was proposed that the suspected
phase separation occurs due to an immiscibility dome in
the T -P -xLiCl diagram, which is continuously connected
to the hypothetical LLPT of pure water [51]. However,
the exact nature of the separation is not clear. While
some studies suggest the water-rich liquid to be of low
density [41, 51] other studies find that a high-density
water-rich liquid separates from the solution [40, 42].
Currently, none of these views can be excluded and it
might very well be that both are correct. In the latter
case the different separations occur at different T -P -xLiCl
conditions entailing a more complex behaviour of super-
cooled LiCl solutions [5]. Moreover, it is not clear how
those separations are connected to a possible LLPT.
Surprisingly, there are barely any computational stud-
ies of LiCl–H2O in this context. One work [48] consists
of a combined experimental and computational study of
a vitrified LiCl solution of xLiCl = 14.3 % subjected to
pressure changes. The performed molecular dynamics
(MD) and ab initio MD simulations indicate that the co-
ordination number of the Li ion increases by one (either a
water or a chloride) when the system is compressed from
ambient P to 3 GPa, giving a microscopic explanation
of the experimentally observed densification. Another
study [54] investigated LiCl solutions of the same con-
centration in the temperature range from 200 K to 300 K
utilising MD calculations. Here the simulations revealed
that the dynamical cross-over, a feature that has been
linked to the LLCP scenario [55], is absent in the stud-
ied temperature range. A third study [56] made use of
the coarse-grained mW water model [57] in conjunction
with a generic solute S [56]. In this study solutions be-
low xS = 20 % were found to form a nano-segregated
glass upon cooling, where the water-rich phase is in a
low-density state. Interestingly, it was also shown that
the generic solute S bears some resemblance to LiCl.
Motivated by the scarcity of numerical data we provide
novel simulations of supercooled LiCl solutions. Building
on the work of Aragones et al. [58], who studied aqueous
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2LiCl solutions at ambient conditions, we both extend the
concentration range and explore supercooled states. We
also consider very dilute systems probing the connection
to phenomena present in pure supercooled water.
II. SIMULATION DETAILS
For this study four different force fields to describe
LiCl–H2O were used. The first consists of the TIP4P-Ew
water model [59] together with the Joung-Cheatham LiCl
parameters [60], which were specifically designed for the
use with TIP4P-Ew. For the second description the pa-
rameters of the model were slightly modified following the
suggestion of Aragones et al. [58]. That is, the combina-
tion rules governing the Lennard-Jones cross-interaction
between lithium and chloride were altered. This mod-
ification was shown to enhance the description of the
cation-anion structure making it comparable to exper-
iments [58]. The relevant equations are:
σij = η
σi + σj
2
, (1)
ij = χ
√
ij . (2)
Here, i and j represent the two interaction sites con-
sidered, which can be Li, Cl, or O. Please note, that
the charges are omitted in the notation throughout the
manuscript and that only the oxygen is a Lennard-Jones
interaction site in TIP4P-type water models. The param-
eters  and σ control the potential depth and diameter of
the particles, respectively.
For the first parameter set all Lennard-Jones cross-
interactions are calculated using η = χ = 1 correspond-
ing to the standard Lorentz-Berthelot (LB) combina-
tion rules. The modifications introduced by Aragones
et al. [58] are η = 0.932 and χ = 1.88 for the Li–Cl cross-
interaction and η = χ = 1 in all other cases. To refer
to these modified Lorentz-Berthelot combination rules,
MLB will be used as a shorthand. Both variants dis-
cussed so far are used in conjunction with the TIP4P-Ew
water model and thus will be abbreviated as Ew-LB and
Ew-MLB, respectively.
The third and fourth force fields used are based on the
TIP4P/2005 water model [61]. The use of TIP4P/2005 is
desired, since it is considered to be a very accurate rigid
water model [62]. It also displays polyamorphism [63, 64]
and it likely exhibits an LLPT [19–24]. Conveniently, it
was shown that the Joung-Cheatham LiCl parameters
are transferable to TIP4P/2005 [58, 65]. For this com-
bination Aragones et al. [58] again introduced an MLB
variant (η = 0.934, χ = 1.88), which we will also use.
These two descriptions of LiCl–H2O will be abbreviated
as 2005-LB and 2005-MLB, respectively.
The systems studied contain 1000 water molecules and
the amount of LiCl is given by the desired concentra-
tion. In total eleven different concentrations between
xLiCl = 0.1 % and xLiCl = 33.3 % were investigated (see
Tab. S-I in the Electronic Supplementary Information –
ESI – for a complete listing). All MD simulations were
performed in the NPT ensemble. The pressure was set to
1 bar in all cases and two different temperatures (240 K
and 298 K) were considered. When compared to experi-
mental data the systems at 240 K are supercooled with re-
spect to ice formation for xLiCl < 8.3 % and supercooled
with respect to hydrate formation for xLiCl > 18.1 % [66].
For 8.3 % < xLiCl < 18.1 % the solution is still in the sta-
ble domain, which reaches its minimum at T ≈ 199 K
for the eutectic concentration xLiCl ≈ 12.5 % [66]. At
298 K the systems were simulated with all four force
fields (i.e., Ew-LB, Ew-MLB, 2005-LB, and 2005-MLB),
at 240 K only Ew-MLB and 2005-MLB were used for
all systems while their LB counterparts were studied for
xLiCl = 2.4 % and x = 14.3 % to probe the influence of
the combination rule modification. For comparison also
pure water systems (TIP4P/2005 and TIP4P-Ew) were
studied at both temperatures.
The simulations were performed utilising GROMACS
5.1.4 [67]. The cubic simulation boxes were treated with
periodic boundary conditions and the equations of mo-
tions were integrated using the leap-frog algorithm with a
time step of 2 fs. Temperature and pressure are controlled
using a Nose´-Hoover thermostat [68, 69] and a Parinello-
Rahman barostat [70], respectively. The Coulombic in-
teractions were calculated using the particle mesh Ewald
method [71] with a Fourier spacing of 0.1 nm. An iden-
tical cut-off of 0.95 nm was used for both the Lennard-
Jones and the real space Coulomb interactions. Lennard-
Jones interactions beyond the cut-off distance were in-
cluded assuming a uniform fluid density. The bond con-
straints were maintained using the LINCS (Linear Con-
straint Solver) algorithm [72] of 6th order with one itera-
tion to correct for rotational lengthening. Most systems
were simulated for 500 ns, where the first 10 ns were not
used for analysis. At 240 K the two highest concentra-
tions (xLiCl = 25.0 and 33.3 %) were simulated for up to
3 µs.
III. RESULTS
The obtained numerical data for LiCl–H2O is analysed
in a variety of ways. We evaluate thermodynamic quanti-
ties (Section III A), diffusion coefficients (Section III B),
and studied the structure using radial distribution func-
tions (Section III C). Furthermore, we evaluated the
coarse-grained density field as introduced by Testard et
al. [73] (Section III D), the structural order parameter in-
troduced by Russo and Tanaka [74] (Section III E), and
we analyse the overlap of different first hydration shells
(Section III F). The latter three methods were specifically
applied to look for signs of a phase separation as indicated
by experimental studies [38–41, 50, 51]. We note that
also other order parameters were successfully applied to
study pure water [75]. However, quantities like the tetra-
hedral order parameter q [76], which relies on the four
nearest neighbours, or g5(r) [77, 78], which relies on the
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FIG. 1: Density ρ as a function of LiCl mole fraction xLiCl.
The filled upward triangles show the data for the TIP4P/2005
water model, the open downward triangles the data for the
TIP4P-Ew water model. The red data correspond to simula-
tions at 298 K the blue data to simulations at 240 K. Black
open circles indicate the data for the TIP4P-Ew water model
as reported by Aragones et al. [58] and black diamonds indi-
cate the data for the TIP4P/2005 water model as reported by
Camisasca et al. [54, 80]. The main figure shows only the low
concentration part, while the inset shows the whole studied
concentration range.
fifth nearest neighbour, were not considered, because am-
biguities would arise once the water molecules are close
to ions. On similar grounds we refrain from analysing
partial RDFs based on low-density water molecules only
or on high-density water molecules only [79].
In the following we will only show data obtained us-
ing the MLB combination rules (i.e., Ew-MLB and 2005-
MLB). Differences to calculations using the LB combina-
tion rules are discussed in the ESI.
A. Thermodynamics
The thermodynamical parameters evaluated here are
the averages of the potential energy 〈U〉 and density 〈ρ〉.
The complete data set is collected in the ESI (Tab. S-
I) for reference. For all studied force fields an increase
in LiCl content decreases 〈U〉. For pure TIP4P/2005
at 298 K −47.87 kJ mol−1 is found, which changes to
≈ −245 kJ mol−1 for xLiCl = 33.3 %. If the TIP4P-
Ew water model is used the potential energy is slightly
lower at low concentrations, but becomes highly similar
to the values obtained for TIP4P/2005 at high concen-
trations. At 240 K 〈U〉 is lower than at 298 K over the
whole concentration range and it also decreases as xLiCl
is increased.
The behaviour of 〈ρ〉 is shown in Fig. 1. At 298 K the
density increases as xLiCl increases. TIP4P-Ew produces
slightly lower densities at low concentrations, but slightly
higher densities at high concentrations when compared to
TIP4P/2005. As the temperature is decreased to 240 K
TIP4P/2005 shows lower densities than TIP4P-Ew over
the whole concentration range. In addition, the temper-
ature decrease gives rise to an intriguing feature. At low
concentrations the density decreases as a consequence of
temperature change, while it increases at high concen-
trations. The cross-over takes place between 2.4 % and
5.9 % for TIP4P/2005 and between 1.6 % and 2.4 % for
TIP4P-Ew (see Fig. 1). This merits a closer look. For
pure water the density increase upon cooling is the result
of an increasing population of tetrahedrally ordered wa-
ter molecules [64]. This phenomenology is still present
at low concentrations. However, at higher LiCl concen-
trations the density increases upon temperature decrease,
which is similar to the behaviour of regular systems. This
indicates that the ions disrupt the hydrogen bonds (HBs)
enough to prevent the formation of a tetrahedral low-
density network.
B. Diffusion Coefficients
The diffusion coefficient of all three species, i.e., Li, Cl,
and water, are shown in Fig. 2. In all cases an increase
in the LiCl mole fraction leads to a decrease in diffusiv-
ity. While the two ionic species show a drop of about
three orders of magnitude over the whole concentration
range, the water diffusivity decreases by only two orders
of magnitude. The obtained data for 298 K agree well
with previously obtained diffusion coefficients for TIP4P-
Ew [58]. As the temperature is changed from 298 K to
240 K the diffusion coefficients of all species are shifted
down by approximately one order of magnitude. This
shift is slightly larger for higher concentrations. We also
note that the two different water models studied behave
very similarly. Only at the highest concentrations the
results for the two water models differ. This difference is
more pronounced as the temperature is lowered.
C. Structure
The four atom types (Li, Cl, O, H) present allow for
the calculation of ten different partial radial distribution
functions RDFs. The three different ion-ion structures
for both water models used and both temperatures con-
sidered are shown in Figs. 3 and 4. Here, the minimum
concentration shown is xLiCl = 1.6 %, since the small
number of ions at lower concentrations does not allow to
obtain statistically significant RDFs.
In Fig. 3 we report the Li-Cl RDFs. The two water
models produce similar results: the first two peaks are
well separated at all concentrations studied reflecting a
clear separation of the first and second cation–anion co-
ordination shells. For both temperatures the first and
second peak are changing their intensity as the concen-
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FIG. 2: Diffusion coefficients D for Li (top panel), Cl (middle
panel) and H2O (bottom panel) as a function of LiCl mole
fraction xLiCl. The filled upward triangles show the data for
the TIP4P/2005 water model, the open downward triangles
the data for the TIP4P-Ew water model. The red data cor-
respond to simulations at 298 K the blue data to simulations
at 240 K. For the ions only xLiCl ≥ 1.6 % allow for statis-
tically significant data. The black open circles indicate the
data for the TIP4P-Ew water model as reported by Aragones
et al. [58].
tration is increased, but they stay at the same distances.
At 298 K the first and second peak decrease as the con-
centration is increased, while at 240 K the first peak’s
intensity increases with concentration and the intensity
of the second peak decreases. A more complex change
is observed for the higher coordination shells where an
increase in concentration contracts the third and fourth
shell.
In Fig. 4a the Li-Li RDFs are shown. For both stud-
ied temperatures an increase in the LiCl molar fraction
initially increases the main peak at r ≈ 0.55 nm. At
high concentrations, however, this peak decreases again,
while two pre-peaks grow, a strong one at r ≈ 0.4 nm
and a smaller one at r ≈ 0.32 nm. This indicates that
as the concentration is increased more and more Li ions
come into close proximity. Also, they occupy more lo-
calised shells as is manifested by the rather sharp pre-
peaks contrasting the broad main maximum present at
low concentrations.
The Cl-Cl structure is shown in Fig. 4b. Similar to the
Li-Li case a strong pre-peak develops as the concentration
is increased. Here only one pre-peak is evolving, though,
and it seems to grow at the expense of the main peak
located at r ≈ 0.5 nm. At the same time also the region
between 0.6 and 0.7 nm becomes more populated.
For both the Li-Li and the Cl-Cl structure it is found,
that the choice of water model has barely an influence.
Only the strong pre-peaks are slightly larger and sharper
in TIP4P/2005 than in TIP4P-Ew. Moreover, also the
temperature change has almost no effect on the two struc-
tures, with the exception of a slight increase in the strong
pre-peak’s height for TIP4P/2005.
The hydratisation structures of the two ionic species
are shown in Figs. 5 and 6. Here, the respective RDFs
can be obtained for the full concentration range. For all
shown RDFs the two water models again yield similar
results. The Li hydration structure is shown in Fig. 5.
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FIG. 3: Li-Cl RDFs as a function of concentration. The two
upper panels show the behaviour at 298 K for TIP4P/2005
and TIP4P-Ew, respectively, whereas the bottom two panels
show the behaviour at 240 K. The different colours represent
the different concentrations as indicated in the legend. Note
that the main peak is plotted on a different scale (left axis)
than the rest of the RDF (right axis). The dashed black lines
indicate the RDFs for xLiCl = 0.024 and xLiCl = 0.143 as
reported by Aragones et al. [58].
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FIG. 4: Li-Li (a), and Cl-Cl (b) RDFs as a function of concentration. In each subfigure the two upper panels show the
behaviour at 298 K for TIP4P/2005 and TIP4P-Ew, respectively, whereas the bottom two panels show the behaviour at 240 K.
The different colours represent the different concentrations as indicated in the legend. The dashed black lines indicate the
RDFs for xLiCl = 0.024 and xLiCl = 0.143 as reported by Aragones et al. [58].
Part a shows the Li-O RDFs, where the height of the first
peak decreases with increasing LiCl concentration, while
its position is unaltered. The second shell is well sepa-
rated from the first shell at all concentrations. As the
concentration is increased the low r side of the second
shell does not change, while a shoulder grows to towards
larger r. At the same time the higher shells become con-
tracted.
The Li-H RDFs shown in Fig. 5b exhibit a decrease
of the first maximum as the concentration is increased.
Moreover, the hydrogen atoms seem to progressively pop-
ulate regions between the first and second shell. In com-
bination with the concentration independence of the sec-
ond Li-O shell at low r this indicates that the water
molecules of the second hydration shell do not move to-
wards the first shell as the concentration is increased,
but they rotate such that the hydrogens are more likely
to point towards the first hydration shell of the Li. For
both the Li-O and the Li-H structure it is found that the
change in temperature has little effect (see Fig. 5).
The Cl hydration structure is depicted in Fig. 6, with
part a showing the Cl-O RDFs. It evident that the Cl-O
structure is more sensitive to changes in LiCl concen-
tration than the Li-O structure. As the concentration
increases a shoulder towards larger distances of the main
peak develops. For the two highest concentrations con-
sidered this shoulder is so intense, that it forms a second
peak. At the same time the population of the second
shell diminishes and the region between the second and
third shell becomes more populated. If the temperature
is lowered to 240 K both the main and the second peak
of the dilute systems grow and become slightly more sep-
arated. In contrast, the RDFs at higher concentrations
barely change as the temperature is lowered. This leads
to a more pronounced change in the RDFs at 240 K upon
concentration increase.
The Cl-H structure is shown in Fig. 6b. Here, the main
peak is decreasing with increasing concentration, while
the second peak shows little change. The third shell,
however, becomes quite populated at high concentrations
and it is located close to the second shell. Also the shells
beyond the third become more contracted. The rather in-
tense third shell at high concentrations is likely related to
the double-peak feature appearing in the Cl-O structure.
Since the second Cl-O maximum appearing at high con-
centrations is located at r ≈ 0.34 nm and the third maxi-
mum in the Cl-H RDFs appears at r ≈ 0.42 nm their dis-
tance is≈ 0.08 nm, slightly less than the O-H bond length
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FIG. 5: Li-O (a) and Li-H (b) RDFs as a function of concentration. In each subfigure the two upper panels show the behaviour
at 298 K for TIP4P/2005 and TIP4P-Ew, respectively, whereas the bottom two panels show the behaviour at 240 K. The
different colours represent the different concentrations as indicated in the legend. Note that in part a the main peak is plotted
on a different scale (left axis) than the rest of the RDF (right axis). The dashed black lines indicate the RDFs for xLiCl = 0.024
and xLiCl = 0.143 as reported by Aragones et al. [58].
of TIP4P-type models (rOH = 0.095 72 nm) [59, 61].
Thus, these two signals could stem from water molecules
close to a chloride, but pointing with the O towards the
Cl and with the Hs in the opposite direction. This un-
favourable arrangement, O and Cl electrostatically repel
each other, explains the larger Cl-O distance. Also, it
could indicate that the respective water molecules are
sandwiched between two or more chlorides, forcing them
into unfavourable positions with respect to some chlo-
rides.
Fig. 7 shows the three water-water RDFs. In this fig-
ure the RDFs for the pure water models are also shown.
It is again visible, that both water models show similar
results. Moreover, it is found that temperature has a
larger effect than in all other RDFs discussed so far. The
O-O RDFs depicted in Fig. 7a show that the increas-
ing LiCl concentration produces a shoulder in the first
peak populating the interstitial region. Typically such
a phenomenology is related to a decrease in tetrahedral
order [74]. At the same time the first and second shell
become less populated and the third shell contracts. For
240 K the trend is similar, but the first and second shell
are more separated for the low concentrations so that
the change in the interstitial region is more pronounced.
Similar to the Cl-O RDFs this entails that at low con-
centrations the O-O RDFs are more affected by the tem-
perature decrease, while the higher concentrations barely
change. Only a slight increase of the main peak is visible
at the highest concentrations in TIP4P/2005.
The O-H structure is shown in Fig. 7b. At 298 K the
addition of LiCl leads to a decrease of the first peak,
signalling a disruption of the HB network. The second
peak is again barely affected, but a shoulder grows to-
wards larger r at the expense of the third shell and also
the fourth shell contracts. Since the shoulder of the first
peak in the O-O RDF and the shoulder of the second
peak in the O-H RDF are ≈ 0.08 nm apart, this again
suggests that the same water molecules are responsible
for the two features. As the temperature is lowered to
240 K the O-H RDFs change only slightly. One differ-
ence is that the first peak is enhanced at 240 K when
compared to 298 K indicating an increase in hydrogen
bonding. These changes are more pronounced for the
low concentrations, in line with the respective changes of
the O-O and Cl-O RDFs. In addition, the second peak is
slightly sharper at 240 K and clearer separated from the
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FIG. 6: Cl-O (a) and Cl-H (b) RDFs as a function of concentration. In each subfigure the two upper panels show the behaviour
at 298 K for TIP4P/2005 and TIP4P-Ew, respectively, whereas the bottom two panels show the behaviour at 240 K. The
different colours represent the different concentrations as indicated in the legend. The dashed black lines indicate the RDFs
for xLiCl = 0.024 and xLiCl = 0.143 as reported by Aragones et al. [58].
first peak.
The H-H RDFs, are shown in Fig. 7c. Here the first
peak decreases as the concentration is increased and the
second peak becomes broader. The lowering of the tem-
perature again affects the lower concentrations more,
where the first peak becomes enhanced and more sep-
arated from the second one. We also note small differ-
ences between the two water models as the increase of
LiCl content has more effect on the RDFs of TIP4P-Ew.
D. Coarse-Grained Density
As discussed in the introduction several experimen-
tal studies indicate the presence of a low-temperature
phase separation in LiCl–H2O at low temperatures [38–
41, 50, 51]. In particular, it is expected that a water-rich
phase separates form a salt-rich phase. To investigate
this we make use of the coarse-grained density field as de-
fined by Testard et al. [73]. Testard et al. [73] studied the
spinodal decomposition of a binary Lennard-Jones mix-
ture [81], where the phase separation manifested itself
as a bimodality in the coarse-grained density distribu-
tion [73]. Therefore, this methodology is highly suitable
to investigate whether a spatial inhomogeneous density
field is present in the solutions studied here.
For this analysis the cubic simulation boxes are sub-
divided into voxels of sidelength ξb. Then, each voxel is
assigned a local density ρ(r). The local density is calcu-
lated within a sphere of radius ξs centred at the voxel’s
centre r. More formally this is expressed through the
following relation:
ρ(r) =
3
4piξ3s
N∑
i=1
miθ(ξs − |r− ri|). (3)
Here θ represents the Heaviside step function and mi is
the mass of particle i located at ri. The sum includes all
species present, i.e., N = NLi +NCl +NH2O. In contrast
to Testard et al. [73], the density calculated here is a mass
density and not a particle density.
In a second step each voxel is assigned a coarse-grained
density ρ(r), which takes the local density of the voxel
and its six immediate neighbours into account:
ρ(r) =
1
8
[2ρ(r) + ρ(r + ξbex) + ρ(r + ξbey) + ρ(r + ξbez)
+ ρ(r− ξbex) + ρ(r− ξbey) + ρ(r− ξbez)] . (4)
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FIG. 7: O-O (a), O-H (b), and H-H (c) RDFs as a function of concentration. In each subfigure the two upper panels show
the behaviour at 298 K for TIP4P/2005 and TIP4P-Ew, respectively, whereas the bottom two panels show the behaviour at
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Here ex, ey, and ez denote unit vectors in the respective
direction.
To perform this analysis values for ξb and ξs have to
be selected. After a series of tests [82] Testard et al. [73]
used ξb = σAA/2 and ξs = σAA for their calculations,
where σAA corresponds to the diameter of the larger
Lennard-Jones component. Since, three atom-types in-
teracting via a Lennard-Jones term are present here, i.e.,
Li, Cl, and O, we performed two separate calculations.
One based on σCl, the largest species present, and one
based on σO, the second largest species present.
Furthermore, it had to be taken into account that the
box size varies in the NPT -MD calculations performed
here. Thus, we did not fix ξb, but the number of intervals
I into which the box is divided in each direction. I is
specified from the first frame of each trajectory:
I =
⌊
2L0
σi
⌋
. (5)
Here, i is either Cl or O, L0 is the box length of the first
frame, and the brackets indicate the floor function. From
this ξb and ξs are calculated via
ξb =
L
I
, (6)
and
ξs = 2ξb, (7)
where L is the box length of the frame considered. For
the calculations we used σCl ≈ 0.5 nm and σO ≈ 0.32 nm.
The exact values are σCl = 0.491 78 nm [60], σO =
0.315 89 nm (TIP4P/2005) [61], and σO = 0.316 435 nm
(TIP4P-Ew) [59], but since the fluctuating box length
induces variations in ξb already (cf. Eq. 6), the approxi-
mations have been used.
The results of this analysis are shown in Fig. 8. The left
column shows the results for TIP4P/2005 and the right
column shows the results for TIP4P-Ew. For ξb ≈ σCl/2
the results are shown in the top two rows. It is evi-
dent, that neither a change in water model nor a change
in temperature has a strong effect on the coarse-grained
density distribution P (ρ). The distribution is unimodal
in all cases and it simply shifts to higher densities as the
concentration is increased consistent with the density of
the solution (cf. Tab. S-I). For ξb ≈ σO/2 the results
are shown in the bottom two rows. These distributions
are more spread out than in the ξb ≈ σCl/2 case. Other
than that the picture barely changes: the distributions
are unimodal and shift to higher densities as the concen-
tration is increased.
None of the obtained coarse-grained density distribu-
tions indicate a phase separation. That is, the coarse-
grained local density field is homogeneous for all studied
conditions. This includes also the different combination
rules, which do not alter the result (cf. Fig. 1 and Fig. S12
in the ESI).
E. Structural Order Parameter
As a second method to investigate the possibility
of a low-temperature phase separation we consider the
structural order parameter ζ introduced by Russo and
Tanaka [74]. This order parameter is calculated for ev-
ery water molecule as
ζ = d¬HB − dHB, (8)
where dHB is the distance to the farthest hydrogen bonded
neighbour and d¬HB is the distance to the nearest non-
hydrogen bonded neighbour. For a neighbouring molecule
to be considered hydrogen bonded two criteria have to be
satisfied: i) the O-O distance has to be less than 0.35 nm
and ii) the HOO angle has to be less than 30◦. In other
words ζ is a measure of the distance between the first
and the second coordination shell of water. Positive val-
ues of ζ indicate well separated first and second hydra-
tion shells and thus a rather well developed tetrahedral
HB-network. Such low-density states have been termed
10
S-states by Russo and Tanaka [74]. Values close to 0 nm
and below indicate that water molecules from the sec-
ond shell penetrate the first shell distorting the HB net-
work. In Russo and Tanaka’s terms this high-density
local structure is called the ρ-state [74]. Pure S- and ρ-
liquids would correspond to LDL and HDL in the LLCP
scenario, respectively.
The distribution of the structural order parameter
P (ζ) shows a bimodal behaviour for several water mod-
els [74, 83], including TIP4P/2005, consistently revealing
the presence of two distinct local environments. We use
this order parameter here to look for signs of a possible
phase separation in LiCl–H2O.
In addition to the regular distribution P (ζ) calculated
for all water molecules in the system, we also consider
partial distributions based on subsets of water molecules.
The distribution P (ζ|Li) is calculated for water molecules
which are exclusively part of a first coordination shell of
Li, i.e., within 0.23 nm of a Li and not within 0.38 nm of
a Cl. These two cut-off distances are based on the min-
ima between the first and second peak in the Li-O (cf.
Fig. 5a) and Cl-O (cf. Fig. 6a) RDFs of dilute systems.
Note that these restrictions apply only to the central wa-
ter molecule. Its partners, i.e., the farthest hydrogen
bonded neighbour and the nearest non-hydrogen bonded
neighbour, can be any other water molecule in the sys-
tem. Constructed in this way P (ζ|Li) encodes the lo-
cal structural order for water molecules being exclusively
part of the first hydration shell of Li.
Analogously, P (ζ|Cl) is calculated for water molecules
which are exclusively part of a first hydration shell of Cl
(i.e., within 0.38 nm of a Cl and not within 0.23 nm of a
Li). Additionally, P (ζ|Both) is calculated for molecules
being part of both a first hydration shell of Li and Cl (i.e.,
within 0.23 nm of a Li and within 0.38 nm of a Cl), and
P (ζ|Bulk) is calculated for all water molecules not being
part of any first hydration shell (i.e., not within 0.23 nm
of a Li and not within 0.38 nm of a Cl). Using these
definitions P (ζ) can be expressed as a linear combination
of the four partial distributions:
P (ζ) =P (Li)P (ζ|Li) + P (Cl)P (ζ|Cl)
+ P (Both)P (ζ|Both) + P (Bulk)P (ζ|Bulk). (9)
Here, P (Li), P (Cl), P (Both), and P (Bulk) are the frac-
tions of water molecules in the respective subset. These
are simply calculated as
P (i) =
N iH2O
NH2O
, (10)
where i is Li, Cl, Both, or Bulk. N iH2O is the number of
water molecules in the respective subset, and NH2O is the
total number of water molecules in the system (NH2O =
1000 here).
The obtained ζ-distributions are shown in Fig. 9. Part
a shows the distributions for both water models at 298 K.
The distribution for the full system P (ζ) is shown in the
top row. Here two peaks are visible. The first peak
is located slightly above 0 nm, while the second peak is
located close to 0.3 nm. For pure water only the main
peak close to 0 nm is present. As the LiCl concentration
is increased the main peak becomes more symmetric and
shifts even closer to 0 nm. The shift indicates that the
HB network becomes more distorted as the concentration
is increased. At the same time the peak at ζ ≈ 0.3 nm
grows. This peak originates from water molecules that
have no hydrogen bonded neighbours according to the
criteria used. In this case dHB is set to 0 nm, which yields
ζ = d¬HB based on the definition in Eqn. 8. In other
words, ζ reflects the next-neighbour distance for these
water molecules. While this disagrees with the idea of
ζ being a measure for the distance of the first and sec-
ond coordination shell, it visualises the amount of water
molecules not properly included into the HB network.
Hence, this peak will be referred to as the non-HB peak
in the following. It is obvious that non-hydrogen bonded
water molecules become more prevalent as the concentra-
tion of LiCl is increased. This is clearly visible in Fig. 10
where the black data in the top panel give the fraction
of non-HB water molecules. Almost all water molecules
are integrated into the HB network until xLiCl = 5.9 %
where the number of non-HB water molecules start to
increase significantly. Note that in TIP4P/2005 the frac-
tion of non-HB water molecules is always lower than in
TIP4P-Ew.
To analyse the origin of the changes in P (ζ), the par-
tial distributions have to be discussed. These are shown
in the bottom four rows of Fig. 9a. One can clearly
see that only P (ζ|Both), the distribution calculated for
molecules being part of first hydration shells of both Li
and Cl, changes as the concentration is increased. Inter-
estingly, both peaks in P (ζ|Both) do not shift, but the
main peak shrinks while the non-HB peak grows with in-
creasing LiCl amount. For all concentrations the main
peak is centred around 0 nm indicating a quite distorted
environment of the corresponding water molecules. The
change in intensity of the two peaks is also reflected in
the top panel of Fig. 10 (green data) which shows that
the fraction of non-HB water molecules in this subset
increases to about 30 % at the highest concentration.
The other three partial distributions do not change
significantly as the concentration is increased. P (ζ|Li)
is centred at ≈ 0 nm, is rather sharp, and bears simi-
larities to the main peak of P (ζ|Both). P (ζ|Li) is fol-
lowed by P (ζ|Bulk) slightly above 0 nm being markedly
broader, and P (ζ|Cl) centred at the largest ζ and similar
in shape to P (ζ|Bulk). Only small non-HB peaks ap-
pear in both P (ζ|Li) and P (ζ|Cl) at high concentrations.
Fig. 10 again shows the amount of water molecules with
no HB in the first coordination shells of Li (red data) and
Cl (orange data). In the latter subset molecules without
HBs amount to less than 1 % even at the highest con-
centrations. The locations of the main peaks suggests
that independent of concentration Li favours a quite dis-
torted environment, while the Cl hydration shell is more
ordered. The bulk component is located in between these
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FIG. 9: Distributions of the structural order parameter ζ at 298 K (a) and 240 K (b). The different colours indicate the different
concentrations as indicated in the legend. Part c illustrates the effect of temperature change for selected concentrations (see
dedicated legend). In all figures the left column shows the data for TIP4P/2005 and the right column for TIP4P-Ew. Rows
from top to bottom show the data for all water molecules, molecules in first hydration shells of Li only, molecules in first
hydration shells of Cl only, molecules in first hydration shells of both Li and Cl, and the bulk contribution, i.e, water not part of
any first hydration shell. The dashed black lines indicate the data from Russo and Tanaka obtained for pure TIP4P/2005 [74].
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FIG. 10: Fraction of water molecules with no HB to another
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the data for 240 K. The data obtained with TIP4P/2005 are
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ferent subsets are shown in different colours as indicated in
the legend.
two cases.
As discussed above the full distribution P (ζ) exhibits
a shift as xLiCl is increased. In contrast, the partial dis-
tributions do not shift with changing xLiCl indicating no
change in the different local environments. Therefore,
a change in the relative contributions of the partial dis-
tributions, i.e., the P (i)s, is responsible for the overall
shift observed in P (ζ). The P (i)s are shown in the top
panel of Fig. 11. The bulk water partial distribution
dominates P (ζ) until xLiCl = 5.9 %. As the concentra-
tion increases further the first hydration shells of Li and
Cl become more important. Between 5.9 % and 11.1 %
their influence reaches a maximum and declines again.
At xLiCl > 14.3 % P (ζ) is dominated by water molecules
being part of both a first hydration shell of Li and a
first hydration shell of Cl. The trend in P (ζ) indicates a
shift to an even more distorted HB network than already
present in pure water. This is not due to a change in
the bulk water component, but due to the introduction
of first hydration shells of ions. The shift in P (ζ) is to-
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FIG. 11: Relative contribution of the four partial distribu-
tions of the structural order parameter ζ to the full distribu-
tion P (ζ) as a function of LiCl mole fraction xLiCl. The top
panel shows a comparison of the two different water models
TIP4P/2005 (filled upward triangles) and TIP4P-Ew (open
downward triangles) for 298 K. The different partial distribu-
tions are coloured as shown in the legend. The bottom panel
shows a comparison of the two different temperatures 298 K
(filled upward triangles) and 240 K (open downward triangles)
for TIP4P/2005.
wards P (ζ|Li) and P (ζ|Both), but away from P (ζ|Cl).
That is, the ordering potential of Chloride is neutralised
by the disorder of overlapping hydration shells.
Another key finding is that the bulk contribution does
not change as LiCl is added, i.e., the local structure of
water beyond the first hydration shells is not altered.
Note that P (ζ|Bulk) of both water models agrees well
with the data of Russo and Tanaka obtained for pure
TIP4P/2005 at 300 K [74] (cf. Fig. 9a). According to
their analysis this distribution indicates that ≈ 85 % of
the water molecules are in the ρ-state, while only ≈ 15 %
are in the S-state. This explains the small influence of the
ions on the bulk component, since pure water at 298 K
and 1 bar already consists of a quite distorted HB net-
work, reducing the effect distorting hydration shells.
The structural order parameter distributions obtained
for T = 240 K are shown in Fig. 9b. For pure water P (ζ)
shifts from ≈ 0 nm to ≈ 0.05 nm when decreasing the
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FIG. 12: Relative amount of water molecules being part of different first hydration shells at 298 K. The number of different
first Li shells increases along the rows, the number of different Cl shells along the columns. Each matrix shows the results for
a given concentration. Part a shows the results for the TIP4P/2005 water model and part b for the TIP4P-Ew water model.
temperature from 298 K to 240 K. This indicates more
tetrahedral order at 240 K. As LiCl is added the distribu-
tion again shifts towards zero, while at the same time the
non-HB peak starts to grow. This is also evidenced by
an increasing amount of non-HB water molecules in the
bottom panel of Fig. 10 (black data). Fig. 9b also reveals
that in contrast to 298 K, all partial distributions except
P (ζ|Li) change with concentration. P (ζ|Li) does also not
change significantly with temperature (see Fig. 9c). The
only effect the temperature decrease has is decreasing
the non-HB peak. This can be seen in Fig. 10 (red data),
where the increase in non-HB molecules in the Li shells is
less at 240 K (bottom panel) than at 298 K (top panel).
P (ζ|Cl) on the other hand slightly shifts to smaller ζ as
LiCl is added (see Fig. 9b). Note that these changes are
small compared to the changes introduced through the
temperature decrease. At 240 K all P (ζ|Cl) distributions
are shifted to higher ζ when compared to 298 K indicating
a more ordered environment (see Fig. 9c). As is visible
in Figs. 9b and c P (ζ|Both) behaves very similar as for
T = 298 K. The two peaks present show no shifts and
just exchange intensity as the concentration increases.
This is again reflected in the bottom panel of Fig. 10
(green data).
Despite the changes in all partial distributions with
concentration the overall changes in P (ζ) are still dom-
inated by the changes in the P (i)s (cf. Fig. 11b). P (ζ)
again shifts towards distorted environments, i.e., towards
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FIG. 13: Relative amount of water molecules being part of different first hydration shells at 240 K. The number of different
first Li shells increases along the rows, the number of different Cl shells along the columns. Each matrix shows the results for
a given concentration. Part a shows the results for the TIP4P/2005 water model and part b for the TIP4P-Ew water model.
P (ζ|Li) and P (ζ|Both), and away from the more ordered
P (ζ|Cl).
Figs 9b shows that for both water models P (ζ|Bulk)
of pure water and low concentrations agrees with the
data of Russo and Tanaka obtained for TIP4P/2005 at
240 K [74]. This indicates that ≈ 55 % of the water
molecules are in the ρ-state, while ≈ 45 % are in the
S-state [74]. As xLiCl is increased P (ζ|Bulk) shifts to
lower values of ζ. Such a shift was not visible at 298 K.
An increase in LiCl concentration at 240 K therefore
leads to effects on water also beyond the first hydration
shell. This can be explained by the larger ratio of S-state
molecules present in pure water at 240 K. Apparently,
S-state molecules also beyond the hydration shells are
forced towards the ρ-state by the presence of ions.
Fig. 9b also reveals that the shift in P (ζ|Bulk) is
smaller for TIP4P/2005 than for TIP4P-Ew. For the
latter water model P (ζ|Bulk) almost coincides with
P (ζ|Bulk) for 298 K, while for TIP4P/2005 even at the
highest concentrations P (ζ|Bulk) is centered at higher ζ
than at 298 K (see Fig. 9c). Other than that the choice
of water model has little influence on the structural order
parameter. The results for P (ζ) are highly similar (see
Fig. 9a) and even the relative contributions of the partial
distributions to P (ζ) are almost identical (see top panel
of Fig. 11).
While the partial distributions themselves change,
their relative contribution to P (ζ) is almost independent
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of temperature as is shown for TIP4P/2005 in the bot-
tom panel of Fig. 11. This does not indicate the onset
of a phase separation. If water was about to separate
from the solution, the relative contribution of the bulk
component to P (Bulk) is expected increase when cooling
the system from 298 K to 240 K.
F. Overlapping Hydration Shells
To provide additional information on the hydration
structure we analysed how many water molecules are part
of how many first hydration shells. For 298 K the results
are shown in Fig. 12 and for 240 K the results are shown
in Fig. 13. We visualise the results as a 6 × 6 matrix
for each xLiCl studied. The columns indicate the number
of different first Cl hydration shells the water molecules
are part of, while the rows indicate the number of differ-
ent first Li hydration shells the water molecules are part
of. In each cell the fraction of respective water molecules
is given. In both figures part a shows the results for
TIP4P/2005 and part b the results for TIP4P-Ew. At
both temperatures the two water models yield similar
results. For the trivial pure water case Fig. 12 shows
that all water molecules are part of no hydration shell.
As the concentration is increased to xLiCl = 0.4 % water
molecules are either part of the bulk (the majority), or
part of a single first hydration shell (either Li or Cl).
Between xLiCl = 0.8 % and 1.6 % water molecules ap-
pear that are part of a first hydration shell of a single Li
and a single Cl, signalling the presence of solvent shared
or solvent separated ion pairs [84]. These water molecules
however, amount to less than 1 % of the total number of
water molecules. At xLiCl ≥ 2.4 % some water molecules
are part of multiple Cl shells, but none are found that
are part of more than one Li shell. At xLiCl ≥ 11.1 %
most water molecules are located in hydration shells and
at xLiCl ≥ 25 % most molecules are part of multiple Cl
shells and a single Li shell.
Notably, the decrease in temperature does not signif-
icantly alter this phenomenology. This reinforces the
notion that no phase separation is about to occur at
240 K (see Fig. 13). If this were the case the temper-
ature decrease should lead to an increase in the amount
of molecules being part of no hydration shell as well as
the amount of molecules being part of multiple hydration
shells.
IV. DISCUSSION AND CONCLUSION
In this study we have presented NPT -MD simulations
of aqueous LiCl solutions. We considered mole fractions
xLiCl between 0.1 and 33.3 % and simulated the systems
at 298 K and 240 K. The ions modelled by the Joung-
Cheatham parameters [60] were hydrated in two differ-
ent water models, namely TIP4P/2005 [61] and TIP4P-
Ew [59].
It was found that at all conditions studied the aver-
age potential energy 〈U〉 becomes more negative with in-
creasing amount of LiCl, while the average density 〈ρ〉
increases. Interestingly, the temperature change from
298 K to 240 K decreases the density at low concentra-
tions, but it increases the density at high concentrations.
Since for pure water a decrease in temperature increases
the local tetrahedral order and thereby decreases the den-
sity [64, 74], this suggests that in the dilute solutions the
water molecules can still form a fairly open HB network.
At higher concentration this seems to be prevented by
the presence of the ions. This is in line with the work of
Camisasca et al. [54], who found that high-density struc-
tures are enhanced in a xLiCl = 14.3 % solution. It also
resonates well with the often quoted similarity between
pressure and concentration (cf., e.g., Ref. 5).
The ion-ion structure shows almost no difference for
the two temperatures studied, but the LiCl concentration
has quite a large influence. Clear changes were visible in
the second shell of the Li-Cl structure, and pre-peaks
appeared in both the Li-Li and Cl-Cl structures indi-
cating a tendency towards clusterisation. This is also
manifested as an increase in the number of overlapping
first hydration shells with increasing concentration. The
hydratisation structures of the two ionic species behave
quite differently. While the Li-O RDFs are rather in-
sensitive to both temperature and concentration change
(especially the first and second shell), the Cl-O RDFs
are influenced by both. Here the concentration increase
leads to a shoulder of the first peak and eventually to a
double maximum. Upon temperature change from 298 K
to 240 K these changes are even more pronounced. The
reason for this is the significant temperature dependence
of the dilute Cl-O RDFs, which show a clearer separa-
tion of the first and second peak at 240 K. Similar to the
RDFs, the structural order parameter ζ of Russo and
Tanaka [74] indicates a significant difference in the hy-
dration shells of the two ions. The ζ distribution of the
Li hydration shells again show almost no dependence on
temperature and concentration, while the ζ distribution
of the Cl hydration shells show a significant temperature
and a slight concentration dependence. It is also found
that Li favours a distorted local environment when com-
pared to the bulk component, while Cl prefers a slightly
more ordered local environment.
The water-water structure is influenced by both xLiCl
and temperature. Especially the O-O RDFs showed a
similar trend as the Cl-O RDFs: the appearance of a
shoulder in the first peak and a strong temperature de-
pendence of the dilute systems. This again indicates that
the tetrahedral order is only able to increase in the sys-
tems at low concentrations. The behaviour of the O-
H RDFs is consistent with this analysis, since the first
peak (representing the HBs) decreases with concentra-
tion indicating that the number of hydrogen bonded wa-
ter molecules decreases. Here again the temperature de-
crease leads to an enhancement of the first peak at low
LiCl content, while barely showing a change at high con-
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centrations.
The structural order parameter ζ corroborates the
analysis that the addition of ions decreases the tetra-
hedral order of the system. Interestingly, it was found
that this change is dominated by the introduction of first
hydration shells at 298 K. That is, water beyond the
first hydration shells does not significantly alter its local
structure. We note that this finding for 298 K is con-
sistent with femtosecond mid-infrared spectroscopy data
that indicated that water beyond the first hydration shell
is not influenced by the presence of ions [85], a result that
was later contested [86].
However, at 240 K also the local water structure be-
yond the first shells was influenced by the presence of
the ions. This is consistent with the larger effect of LiCl
addition found for both the density and the RDFs at
240 K. The reason for this is that pure water at 240 K
is more ordered compared to 298 K as indicated by the
different ζ distributions. Consequently, LiCl addition,
which distorts the HB network, has a larger impact at
lower temperature.
At both temperatures the decrease in tetrahedral or-
der is induced by the hydration shells of Li or by over-
lapping hydration shells. It is not induced by isolated Cl
hydration shells, which appear to favour more ordered
surroundings.
Despite the indications for ion-ion clustering the simu-
lation boxes are homogeneous at all studied conditions
and none of the quantities analysed show signs of an
imminent phase separation. The coarse-grained density
distribution, that exhibits a bimodality during a phase
separation in a binary Lennard-Jones mixture [73], was
unimodal in all cases. Similarly, the structural order pa-
rameter ζ [74] shows also no signs of a phase separation.
In any case, this does not exclude such a scenario,
suggested in many experimental studies [38–42, 50, 51].
It could very well be that deeper supercooling is nec-
essary to reveal indications of such a phenomenology
in simulations, especially when considering that one ex-
perimental study [50] locates the onset of heterogene-
ity at 190 K. Moreover, our results are consistent with
the assessment that the immiscibility dome ends between
xLiCl = 10 % [51] and xLiCl = 14.3 % [50]. For instance,
we find that the order parameter ζ is dominated by over-
lapping hydration shells when xLiCl exceeds 11.1 %, a
finding that is also reflected in the hydration shell statis-
tics. Here it is revealed that at xLiCl ≥ 11.1 % the major-
ity of water molecules is part of more than one hydration
shell. We surmise that once this point is reached it is un-
likely for the system to phase separate, since most water
molecules are essentially trapped by the ions.
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In this document we provide additional data and figures to supplement the discussion of the main manuscript.
In particular, we compare data obtained for the standard Lorentz-Berthelot (LB) combination rules, as well as the
modified (MLB) combination rules as introduced by Aragones et al. [1]. The systems contain 1000 water molecules
and the amount of LiCl is altered to match the desired concentration (see Tab. S-I). In addition, we also present data
for smaller systems containing 480 water molecules. These systems were simulated at 298 K and 1 bar for four molar
fractions (xLiCl = 2.4, 5.9, 11.1 and 14.3 %). This enables a direct comparison with data from literature, where such
system sizes were studied [1–3]. Moreover, the study of two system sizes allows to asses size effects.
The structure of this document follows the structure of the main document. That is, we present supplementary
information regarding thermodynamics (Section S-I), diffusion coefficients (Section S-II), structure (Section S-III),
the coarse-grained density field (Section S-IV), the structural order parameter ζ (Section S-V), and the overlapping
hydration shells (Section S-VI).
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2S-I. THERMODYNAMICS
The studied thermodynamic quantities of all considered systems is summarised in Tab. S-I. For both water models
the change from the LB combination rules to the MLB combination rules has little effect on 〈U〉, but it provokes
an increase of 〈ρ〉 at high concentrations. The system size has no significant influence on the results and the results
obtained here agree with the values reported by Aragones et al. [1] and Camisasca et al. [2, 3] (see Tab. S-I).
TABLE S-I: Summary of the obtained averages of the potential energy 〈U〉 and the density 〈ρ〉 for all simulated
systems. 〈U〉 is given per mole of particles (NLi + NCl + NH2O). The concentrations are given as mole fractions of
LiCl xLiCl and the ratio R of water molecules per LiCl. The employed water models TIP4P/2005 and TIP4P-Ew are
abbreviated as 2005 and Ew, respectively. The abbreviations LB and MLB encode the Lorentz-Berthelot and modified
Lorentz-Berthelot combination rules, respectively. Where available values from literature are also reproduced.
〈U〉 / (kJ mol−1) 〈ρ〉 / (g cm−3)
240 K 298 K 240 K 298 K
xLiCl / % R Water NH2O NLiCl LB MLB LB MLB LB MLB LB MLB Source
0.0 ∞ Ew 1000 0 −50.66 −46.52 −46.52 0.988 0.995 0.995 This work
2005 1000 0 −51.96 −47.87 −47.87 0.985 0.997 0.997 This work
0.1 1000.0 Ew 1000 1 −51.45 −47.33 −47.33 0.990 0.996 0.996 This work
2005 1000 1 −52.74 −48.67 −48.67 0.987 0.998 0.998 This work
0.2 500.0 Ew 1000 2 −52.24 −48.14 −48.14 0.991 0.998 0.998 This work
2005 1000 2 −53.52 −49.47 −49.47 0.988 0.999 0.999 This work
0.4 250.0 Ew 1000 4 −53.81 −49.74 −49.74 0.994 1.000 1.000 This work
2005 1000 4 −55.08 −51.07 −51.07 0.992 1.002 1.002 This work
0.8 125.0 Ew 1000 8 −56.91 −52.92 −52.91 1.001 1.005 1.005 This work
2005 1000 8 −58.16 −54.21 −54.21 0.998 1.006 1.006 This work
1.6 62.5 Ew 1000 16 −63.00 −59.10 −59.09 1.012 1.013 1.013 This work
2005 1000 16 −64.19 −60.34 −60.33 1.010 1.015 1.014 This work
2.4 40.0 Ew 480 12 −65.81 −65.78 1.022 1.021 [1]
−65.94 −65.92 1.022 1.021 This work
1000 25 −69.69 −69.69 −65.93 −65.92 1.024 1.024 1.023 1.022 This work
2005 480 12 −67.81 1.024 [1]
−67.12 −67.10 1.024 1.023 This work
1000 25 −70.83 −70.82 −67.11 −67.09 1.022 1.022 1.024 1.023 This work
5.9 16.0 Ew 480 30 −91.59 −91.49 1.056 1.055 [1]
−91.63 −91.53 1.057 1.056 This work
1000 62 −95.36 −92.03 −91.94 1.066 1.058 1.056 This work
2005 480 30 −92.57 −92.49 1.057 1.055 This work
1000 62 −96.31 −92.97 −92.88 1.063 1.057 1.056 This work
11.1 8.0 Ew 480 60 −127.47 −127.28 1.101 1.101 [1]
−127.62 −127.39 1.103 1.101 This work
1000 125 −130.48 −127.61 −127.38 1.118 1.102 1.101 This work
2005 480 60 −128.20 −128.02 1.100 1.099 This work
1000 125 −131.11 −128.20 −128.00 1.113 1.100 1.099 This work
14.3 6.0 Ew 480 80 −147.43 −147.24 1.126 1.127 [1]
−147.55 −147.30 1.127 1.128 This work
1000 166 −150.69 −150.43 −147.77 −147.54 1.146 1.148 1.127 1.128 This work
2005 480 80 −147.88 1.124 [1]
−150.69 −147.70† 1.143 1.124† [2, 3]
−147.94 −147.77 1.124 1.125 This work
1000 166 −151.06 −150.90 −148.14 −147.99 1.140 1.142 1.124 1.125 This work
25.0 3.0 Ew 1000 333 −209.73 −206.37 −207.20 1.237 1.205 1.213 This work
2005 1000 333 −209.88 −206.40 −207.29 1.231 1.201 1.208 This work
33.3 2.0 Ew 1000 500 −248.35 −244.08 −246.35 1.292 1.255 1.272 This work
2005 1000 500 −248.54 −244.16 −246.31 1.289 1.253 1.267 This work
† The data stem from simulations conducted at 300 K.
3S-II. DIFFUSION COEFFICIENTS
The change from the LB to the MLB combination rules enhances the water diffusivity at the highest two concen-
trations (see Fig. S1). A smaller enhancement is visible for the ions, which is slightly more pronounced in TIP4P-Ew.
It was pointed out earlier that the change from the LB to the MLB combination rules enhances the diffusivity of the
ions [1]. However, the enhancement in the water diffusivity visible in Fig. S1 occurs at concentrations not studied by
Aragones et al. [1]. We rationalise this, through the tendency of the ions to cluster when described using the MLB
combination rules. Therefore, it is likely that the MLB combination rules free some water molecules from the ions’
immediate surroundings enabling them to diffuse.
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FIG. S1: Diffusion coefficients D for Li (top panel), Cl (middle panel) and H2O (bottom panel) as a function of LiCl mole
fraction xLiCl for both temperatures and combination rules (LB and MLB) studied. The filled upward triangles show the data
for the LB combination rules, the open downward triangles the data for the MLB combination rules. Part a shows the results
for TIP4P/2005 and part b shows the results for TIP4P-Ew. Blue data are obtained for 240 K and red data are obtained for
298 K. For the ions only xLiCl ≥ 1.6 % allow for statistically significant data. All data are obtained from the large systems
(NH2O = 1000). The black open circles indicate the data for the TIP4P-Ew water model as reported by Aragones et al. [1].
4S-III. STRUCTURE
For the Li-Cl RDFs shown in Fig. S2 the use of the MLB combination rules enhances the first peak in the Li-Cl RDFs
at both studied temperatures when compared to the LB case. This is actually the effect that the MLB combination
rules were designed to achieve [1]. Also, for the Li-Li and the Cl-Cl RDFs we find that the MLB combination rules
enhance the pre-peaks at both studied temperatures (cf. Figs. S3 and S2).
The hydration structure of Li is hardly affected by the choice of combination rule as can be seen in Figs. S5 and
S6. For the Cl hydration the combination rules influence the shoulder in the Cl-O RDFs and the third maximum
at r ≈ 0.42 nm in the Cl-H RDFs. Both features become enhanced when the MLB combination rules are used (cf.
Figs. S7 and S8). This again corroborates the link between these two features discussed in the main document.
As is visible in Figs. S9-S11 the water-water structure shows almost no change when different combination rules
are used.
We note that the system size has no significant influence on the RDFs. The RDFs of the small systems (NH2O =
480) are shown as dotted lines in Figs. S2–S11 and they coincide with the data obtained for the larger systems
(NH2O = 1000) shown as full lines. Furthermore, we compared our RDFs to the data of Aragones et al. [1] where
possible (dashed black lines). Again we find that the two data sets agree very well. Aragones et al. [1] studied systems
with NH2O = 480.
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FIG. S2: Li-Cl RDFs as a function of concentration. Part a shows the data for 298 K, part b for 240 K. The two upper panels
show the behaviour obtained for the LB combination rules for both studied water models. The bottom two panels show the
behaviour obtained for the MLB combination rules for both studied water models. The dotted data were obtained for the small
systems (NH2O = 480). The dashed black lines indicate the RDFs as reported by Aragones et al. [1].
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FIG. S3: Li-Li RDFs as a function of concentration. Part a shows the data for 298 K, part b for 240 K. The two upper panels
show the behaviour obtained for the LB combination rules for both studied water models. The bottom two panels show the
behaviour obtained for the MLB combination rules for both studied water models. The dotted data were obtained for the small
systems (NH2O = 480). The dashed black lines indicate the RDFs as reported by Aragones et al. [1].
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FIG. S4: Cl-Cl RDFs as a function of concentration. Part a shows the data for 298 K, part b for 240 K. The two upper panels
show the behaviour obtained for the LB combination rules for both studied water models. The bottom two panels show the
behaviour obtained for the MLB combination rules for both studied water models. The dotted data were obtained for the small
systems (NH2O = 480). The dashed black lines indicate the RDFs as reported by Aragones et al. [1].
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FIG. S5: Li-O RDFs as a function of concentration. Part a shows the data for 298 K, part b for 240 K. The two upper panels
show the behaviour obtained for the LB combination rules for both studied water models. The bottom two panels show the
behaviour obtained for the MLB combination rules for both studied water models. The dotted data were obtained for the small
systems (NH2O = 480). The dashed black lines indicate the RDFs as reported by Aragones et al. [1].
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FIG. S6: Li-H RDFs as a function of concentration. Part a shows the data for 298 K, part b for 240 K. The two upper panels
show the behaviour obtained for the LB combination rules for both studied water models. The bottom two panels show the
behaviour obtained for the MLB combination rules for both studied water models. The dotted data were obtained for the small
systems (NH2O = 480). The dashed black lines indicate the RDFs as reported by Aragones et al. [1].
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FIG. S7: Cl-O RDFs as a function of concentration. Part a shows the data for 298 K, part b for 240 K. The two upper panels
show the behaviour obtained for the LB combination rules for both studied water models. The bottom two panels show the
behaviour obtained for the MLB combination rules for both studied water models. The dotted data were obtained for the small
systems (NH2O = 480). The dashed black lines indicate the RDFs as reported by Aragones et al. [1].
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FIG. S8: Cl-H RDFs as a function of concentration. Part a shows the data for 298 K, part b for 240 K. The two upper panels
show the behaviour obtained for the LB combination rules for both studied water models. The bottom two panels show the
behaviour obtained for the MLB combination rules for both studied water models. The dotted data were obtained for the small
systems (NH2O = 480). The dashed black lines indicate the RDFs as reported by Aragones et al. [1].
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FIG. S9: O-O RDFs as a function of concentration. Part a shows the data for 298 K, part b for 240 K. The two upper panels
show the behaviour obtained for the LB combination rules for both studied water models. The bottom two panels show the
behaviour obtained for the MLB combination rules for both studied water models. The dotted data were obtained for the small
systems (NH2O = 480). The dashed black lines indicate the RDFs as reported by Aragones et al. [1].
0.2 0.4 0.6 0.8 1
r / nm
2
4
6
8
g O
H
(r)
2
4
6
8
g O
H
(r)
2
4
6
8
g O
H
(r)
2
4
6
8
g O
H
(r)
0%
0.1%
0.2%
0.4%
0.8%
1.6%
2.4%
2.4% (Small)
5.9%
5.9% (Small)
11.1%
11.1% (Small)
14.3%
14.3% (Small)
25.0%
33.3%
Aragones 2014
T = 298 K
TIP4P/2005 MLB
TIP4P-Ew MLB
TIP4P/2005 LB
TIP4P-Ew LB
a
0.2 0.4 0.6 0.8 1
r / nm
2
4
6
8
g O
H
(r)
2
4
6
8
g O
H
(r)
2
4
6
8
g O
H
(r)
2
4
6
8
g O
H
(r)
T = 240 K
TIP4P/2005 MLB
TIP4P-Ew MLB
TIP4P/2005 LB
TIP4P-Ew LB
b
FIG. S10: O-H RDFs as a function of concentration. Part a shows the data for 298 K, part b for 240 K. The two upper panels
show the behaviour obtained for the LB combination rules for both studied water models. The bottom two panels show the
behaviour obtained for the MLB combination rules for both studied water models. The dotted data were obtained for the small
systems (NH2O = 480). The dashed black lines indicate the RDFs as reported by Aragones et al. [1].
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FIG. S11: H-H RDFs as a function of concentration. Part a shows the data for 298 K, part b for 240 K. The two upper panels
show the behaviour obtained for the LB combination rules for both studied water models. The bottom two panels show the
behaviour obtained for the MLB combination rules for both studied water models. The dotted data were obtained for the small
systems (NH2O = 480). The dashed black lines indicate the RDFs as reported by Aragones et al. [1].
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S-IV. COARSE-GRAINED DENSITY
Fig. S12 shows that the choice of combination rule has little influence on the coarse-grained density field.
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FIG. S12: Probability distribution of the coarse-grained density for both water models and both temperatures studied. The
effect of the combination rules is illustrated for selected concentrations (see legend). The left column shows the data for
TIP4P/2005 and the right column for TIP4P-Ew. The top two rows show the results for ξb ≈ σCl/2 and the bottom two rows
show the results for ξb ≈ σO/2. The different colours indicate the different concentrations as indicated in the legend. All data
are obtained from the large systems (NH2O = 1000).
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S-V. STRUCTURAL ORDER PARAMETER
The choice combination rules has little influence on the structural order parameter for both water models and both
studied temperatures. This is documented in Fig. S13. It is only noticeable that the non-HB peak at ζ ≈ 0.3 nm
shrinks if the MLB combination rules are used. This is in line with the ions’ enhanced tendency to cluster in the
MLB variant.
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FIG. S13: Distributions of the structural order parameter for TIP4P/2005 (a) and TIP4P-Ew (b). The effect of the combination
rules is illustrated for selected concentrations (see legend). In all figures the left column shows the data for 298 K and the right
column for 240 K. From top to bottom the rows show the data for all water molecules, molecules in first hydratisation shells of
Li only, molecules in first hydratisation shells of Cl only, molecules in first hydratisation shells of both Li and Cl, and the bulk
contribution, i.e, water not part of any first hydration shell. All data are obtained from the large systems (NH2O = 1000).
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S-VI. OVERLAPPING HYDRATION SHELLS
Figs. S14 and S15 show the hydration shell statistics when using the LB combination rules. When compared to
Figs. 12 and 13 of the main document it becomes clear that a change from the LB to the MLB rules decreases the
fraction of water molecules in overlapping hydration shells at higher concentrations. Given the increase in the first
peak of the Li-Cl RDFs when the MLB rules are used (cf. Fig. S2) this indicates that in the MLB rules direct ion
contacts are favoured compared to solvent shared or solvent separated contacts (cf. Ref. 4).
0
1
2
3
4
5
D
iff
er
en
t C
l S
he
lls
1 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 0.0%
0.99 0.00 0 0 0 0
0.01 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 0.1%
0.98 0.01 0 0 0 0
0.01 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 0.2%
0.96 0.02 0 0 0 0
0.03 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 0.4%
0.92 0.03 0 0 0 0
0.05 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 0.8%
0.84 0.05 0 0 0 0
0.09 0.01 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 1.6%
0 1 2 3 4 5
Different Li Shells
0
1
2
3
4
5
D
iff
er
en
t C
l S
he
lls
0.76 0.08 0 0 0 0
0.14 0.02 0 0 0 0
0.00 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 2.4%
0 1 2 3 4 5
Different Li Shells
0.47 0.14 0 0 0 0
0.25 0.09 0 0 0 0
0.03 0.01 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 5.9%
0 1 2 3 4 5
Different Li Shells
0.19 0.15 0 0 0 0
0.25 0.22 0 0 0 0
0.08 0.09 0 0 0 0
0 0.01 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 11.1%
0 1 2 3 4 5
Different Li Shells
0.10 0.12 0 0 0 0
0.20 0.26 0 0 0 0
0.10 0.18 0 0 0 0
0 0.04 0 0 0 0
0 0.00 0 0 0 0
0 0 0 0 0 0
xLiCl = 14.3%
0 1 2 3 4 5
Different Li Shells
0.01 0.03 0 0 0 0
0.05 0.17 0 0 0 0
0.06 0.33 0 0 0 0
0.00 0.24 0 0 0 0
0 0.09 0 0 0 0
0 0.01 0 0 0 0
xLiCl = 25.0%
0 1 2 3 4 5
Different Li Shells
0.00 0.01 0 0 0 0
0.02 0.10 0 0 0 0
0.03 0.26 0 0 0 0
0.00 0.30 0 0 0 0
0 0.19 0.00 0 0 0
0 0.05 0.00 0 0 0
xLiCl = 33.3%
TIP4P/2005 (298 K)
a
0
1
2
3
4
5
D
iff
er
en
t C
l S
he
lls
1 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 0.0%
0.99 0.00 0 0 0 0
0.01 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 0.1%
0.98 0.01 0 0 0 0
0.01 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 0.2%
0.96 0.02 0 0 0 0
0.03 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 0.4%
0.92 0.03 0 0 0 0
0.05 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 0.8%
0.84 0.06 0 0 0 0
0.10 0.01 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 1.6%
0 1 2 3 4 5
Different Li Shells
0
1
2
3
4
5
D
iff
er
en
t C
l S
he
lls
0.76 0.08 0 0 0 0
0.14 0.02 0 0 0 0
0.01 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 2.4%
0 1 2 3 4 5
Different Li Shells
0.47 0.15 0 0 0 0
0.25 0.09 0 0 0 0
0.03 0.01 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 5.9%
0 1 2 3 4 5
Different Li Shells
0.18 0.15 0 0 0 0
0.25 0.22 0 0 0 0
0.09 0.09 0 0 0 0
0 0.01 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 11.1%
0 1 2 3 4 5
Different Li Shells
0.09 0.12 0 0 0 0
0.19 0.27 0 0 0 0
0.11 0.19 0 0 0 0
0 0.03 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
xLiCl = 14.3%
0 1 2 3 4 5
Different Li Shells
0.01 0.02 0 0 0 0
0.04 0.16 0 0 0 0
0.05 0.34 0 0 0 0
0 0.27 0 0 0 0
0 0.10 0 0 0 0
0 0.01 0 0 0 0
xLiCl = 25.0%
0 1 2 3 4 5
Different Li Shells
0 0.01 0 0 0 0
0.01 0.08 0 0 0 0
0.02 0.25 0 0 0 0
0 0.33 0 0 0 0
0 0.22 0 0 0 0
0 0.06 0 0 0 0
xLiCl = 33.3%
TIP4P-Ew (298 K)
b
FIG. S14: Relative amount of water molecules being part of different first hydration shells at 298 K using the LB combination
rules. The number of different first Li shells increases along the rows, the number of different Cl shells along the columns. Each
matrix shows the results for a given concentration. Part a shows the results for the TIP4P/2005 water model and part b for
the TIP4P-Ew water model. All data are obtained from the large systems (NH2O = 1000).
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FIG. S15: Relative amount of water molecules being part of different first hydration shells at 240 K using the LB combination
rules. The number of different first Li shells increases along the rows, the number of different Cl shells along the columns. Each
matrix shows the results for a given concentration. Part a shows the results for the TIP4P/2005 water. All data are obtained
from the large systems (NH2O = 1000).
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